Abstract.-It is now well known that incomplete lineage sorting can cause serious difficulties for phylogenetic inference, but little attention has been paid to methods that attempt to overcome these difficulties by explicitly considering the processes that produce them. Here we explore approaches to phylogenetic inference designed to consider retention and sorting of ancestral polymorphism. We examine how the reconstructability of a species (or population) phylogeny is affected by (a) the number of loci used to estimate the phylogeny and (b) the number of individuals sampled per species. Even in difficult cases with considerable incomplete lineage sorting (times between divergences less than 1 N e generations), we found the reconstructed species trees matched the "true" species trees in at least three out of five partitions, as long as a reasonable number of individuals per species were sampled. We also studied the tradeoff between sampling more loci versus more individuals. Although increasing the number of loci gives more accurate trees for a given sampling effort with deeper species trees (e.g., total depth of 10 N c generations), sampling more individuals often gives better results than sampling more loci with shallower species trees (e.g., depth = 1 N e ). Taken together, these results demonstrate that gene sequences retain enough signal to achieve an accurate estimate of phylogeny despite widespread incomplete lineage sorting. Continued improvement in our methods to reconstruct phylogeny near the species level will require a shift to a compound model that considers not only nucleotide or character state substitutions, but also the population genetics processes of lineage sorting. [Coalescence; divergence; population; speciation.] The challenges associated with inferring evolutionary relationships of recently diverged species or populations differ significantly from those for deep phylogenetic divergence. At shallow time depths, hazards such as incomplete lineage sorting predominate, whereas accurate molecular phylogenetic inference at greater time depths may be hampered by saturation, misalignment, unrecognized paralogy, and interlineage inhomogeneity of models (Sanderson and Schafer, 2002; Felsenstein, 2004) . The difficulties posed by incomplete lineage sorting have been well described (Avise et al
The challenges associated with inferring evolutionary relationships of recently diverged species or populations differ significantly from those for deep phylogenetic divergence. At shallow time depths, hazards such as incomplete lineage sorting predominate, whereas accurate molecular phylogenetic inference at greater time depths may be hampered by saturation, misalignment, unrecognized paralogy, and interlineage inhomogeneity of models (Sanderson and Schafer, 2002; Felsenstein, 2004) . The difficulties posed by incomplete lineage sorting have been well described (Avise et al., 1983; Pamilo and Nei, 1988; Takahata, 1989; Doyle, 1992; Maddison, 1997; Rosenberg, 2002 Rosenberg, , 2003 : the genealogical histories of individual gene loci may appear misleading or uninformative about the relationships among species or populations because of retention and stochastic sorting of ancestral polymorphisms. This is especially likely if the widths of lineages (i.e., the effective population sizes, N c ) are large relative to their lengths (i.e., the time between divergences). In this case, genetic drift is unlikely to have time to bring loci to fixation before subsequent divergences (Pamilo and Nei, 1988) . Although phylogenetic patterns generated by incomplete lineage sorting have been discussed for many years (e.g., Throckmorton, 1965; Farris, 1978; Felsenstein, 1979; Arnold, 1981) , considerable work remains to develop and assess methods that consider these issues during phylogenetic reconstruction.
To illustrate the problem, we show in Figure 1 a gene tree simulated within a species tree whose time depth (t) is 100,000 generations and whose lineages have haploid effective population sizes (N e ) of 100,000. The gene tree is highly discordant with the species tree-the gene copies sampled from a monophyletic group on the species tree do not correspond to monophyletic groups in the gene tree. Our concern, therefore, is that the gene tree may not accurately reflect the species tree. However, inspecting the figure shows that the gene tree bears some (although noisy) relation to the species tree. This raises the hope that information from this confusing gene tree can be extracted to obtain an inference of the species tree. The discord between inferred gene trees and species trees has been used to extract information about species histories, and in particular estimates of species divergence times and ancestral population sizes (e.g., Edwards and Beerli, 2000; Hey and Nielsen, 2004; Rannala and Yang, 2003; Takahata and Satta, 2002; Wall, 2003) . In principle, these approaches could be used to obtain a series of divergence time estimations that could then be compiled into an estimate of a larger species tree, but such a combined analysis to bridge population genetics and phylogenetic estimation has yet to be developed. These approaches nonetheless highlight the information content inherent in patterns of deep coalescence at the population geneticphylogenetic boundary.
Sophisticated methods are available to infer gene trees, but quantitative methods to infer species trees containing those gene trees are little developed and little explored, although the groundwork for such methods is being laid (e.g., Edwards and Beerli, 2000; Takahata and Satta, 2002; Rannala and Yang, 2003; Wall, 2003; Hey and Nielsen, 2004; Degnan and Salter, 2004) . To reconstruct gene trees we must consider the process of nucleotide substitution; to reconstruct species trees we must consider in addition the process of sorting of gene lineages within populations. Sorting within populations is considered by gene frequency-based methods (e.g., Edwards and Cavalli-Sforza, 1964) , but these methods fail to consider fully the process of nucleotide substitution (and our ability thereby to discern genealogical relationships among alleles). Needed, therefore, are methods that consider explicitly both the processes of substitution (within gene lineages) and sorting (among gene lineages). Just as the incorporation of explicit models of evolutionary 22 SYSTEMATIC BIOLOGY VOL. 55 100,000 generations W FIGURE 1 Gene tree (nght) s~mulated by neutral coalescence witiun emulated specres tree (lower left) Discord between species tree and gene tree shows the considerable amount of mcomplete heage sorllng expected for a recent d~vergence (total depth of species tree from root to t q~s =1 I\i,, where N, = 100, WO) Nine lndivtrtuals were sampled w~thm each specles The two trees are drawn to the same horizontal scale
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suggestion by Takahata (1989) . We recognize that these methods are not ideal. Although they consider the process of incomplete lineage sorting, under neither are the actual probabilities of incomplete lineage sorting quantified using a stochastic model. We expect that likelihood and Bayesian methods that incorporate stochastic models of both nucleotide substitution and lineage sorting processes (Maddison, 1997; Rosenberg, 2002; Degnan and Salter, 2004) would perform better at reconstructing species trees than the simple methods we study here, but such probabilistic methods are not yet developed. Our goal here is not to determine the best method for reconstructing species trees, but rather to explore what information can be extracted by even crude methods. And, by studying two rather different methods, it is our hope that any common results would be general to most methods that consider lineage sorting.
In addition to exploring whether accurate species trees are recoverable in the face of considerable incomplete lineage sorting, we will also investigate the tradeoff in allocating effort to sequencing more loci versus more individuals (e.g., see Pamilo and Nei, 1988, versus Takahata, 1989) . We examine this tradeoff for recent as well as older divergences, corresponding to higher and lower degrees of incomplete lineage sorting, respectively. Gains in accuracy associated with increasing the numbers of both loci and individuals sequenced are also studied. Although most of the results are presented in the context of reconstructing species phylogeny, they also apply to estimating population relationships, except that with populations there is a higher risk that shared haplotypes might reflect gene flow rather than relationship or incomplete lineage sorting. Our exploration assumes there is no gene flow; i.e., the only process that yields confusing gene trees is failure to sort ancestral polymorphisms.
METHODS
Our approach was to simulate the processes of lineage sorting and nucleotide substitution in an evolving species tree, then use the resulting sequence data to attempt to infer the species tree. The parameters used in the simulations were selected such that the extent of incomplete lineage sorting varied from very high to low (i.e., corresponding to situations of recent and older divergences, respectively). We also use simulated data that would be comparable to what a biologist might have available, with respect to the length of sequence per locus, the total number of individuals and loci sequenced, as well as the model of sequence evolution.
The simulation protocol is outlined in Figure 2 . We first used speciation simulations to generate species trees. Within each species tree, we performed coalescent simulations to generate gene trees (Kingman, 1982; Hudson, 1990) . We then simulated nucleotide sequence evolution along the lineages of those gene trees to generate a set of observed gene sequences. The simulated gene sequences were then used to infer a species tree using two different methods (discussed in detail below): the gene sequences were used either directly (for the Shallowest Divergence method) or via inferred gene trees (for the Minimize Deep Coalescences method). To evaluate accuracy of inference, each reconstructed species tree was compared to the original tree used in the simulation.
All simulations and inferences were done with a version of Mesquite (Maddison and Maddison, 2004c) functionally equivalent to version 1.01 and PAUP* version 4.0bl0 (Swofford, 2002) . Species trees were simulated by a pure birth process using Mesquite's Uniform Speciation (Yule) module. Gene trees were simulated using Mesquite's Neutral Coalescence module, which uses an exponential approximation to avoid fully explicit modeling of individuals. An effective population size (N e ) of 100,000 was used for all simulations, and the organisms (or organelles) are assumed haploid. This population size was chosen because it would be reasonable for many organisms, but we expect that the results should be robust to changes in population size as long as mutation rates are adjusted to keep average sequence divergences unchanged. Coalescence of genes was modeled backward in time within each species lineage until a divergence event (node in the species tree). At that point, any remaining (uncoalesced) gene copies were combined with those from the other lineages descendant from the node and coalescence was continued down into the ancestral lineage. Population size of the ancestral species lineage was not the sum of the two descendants, but rather was set to the common size of 100,000. For each simulated gene tree, sequence evolution was simulated along it using Mesquite's Genesis package (Maddison and Maddison, 2004a) . A 1000-basepair sequence was simulated for each individual and locus according to an HKY85 model with transition-transversion ratio of 3.0 and a discrete gamma distribution with four categories and shape parameter 0.8. An ancestral sequence was assigned states randomly with probabilities 0.3 A, 0.2 C, 0.2 G, 0.3 T; this 3:2 AT:GC bias was maintained as the equilibrium frequency distribution throughout the tree. These substitution parameters were chosen to introduce some complexity to the model, but we expect that varying them would have little effect because with such small sequence divergences most mutations would be unique, nonhomoplasious, and not needing saturation corrections. Varying the parameters would therefore be equivalent to varying the overall mutation rate. Regarding mutation rate, the gene tree's branch lengths are measured in units of generations, but the rates in the model of evolution implicitly assume a different scaling (e.g., the model assumes trees will have branch lengths of a few units long, not thousands of units as when measured in generations). Because of this, the rates of the model of evolution had to be scaled down considerably. A scaling factor of 3 x 10~8 was chosen because it yielded sequence divergences comparable to those found in empirical studies (see Results, Table 1 ). Although we could have explored the parameter space more fully, for instance to explore other scaling factors (mutation rates), we decided that it was more important to choose a few parameters to yield empirically reasonable data, to have larger sample size, and to attempt different methods of reconstruction, than to do a massive survey of parameter Steps involved in the simulation used to assess accuracy of species tree reconstruction using the Minimize Deep Coalescences method. Shown is one of the 500 replicates. In each replicate a species tree was simulated, within which gene trees were simulated by coalescence, then sequence evolution was simulated on the gene trees. Those gene sequences were used to reconstruct gene trees, which were then used to reconstruct species trees; the reconstructed species trees were compared to the originals. The simulations using Shallowest Divergence method followed a similar procedure except that species trees were reconstructed directly from the simulated DNA sequences.
space. Our primary goal was not an exhaustive guide to parameter space, but rather to ask whether reconstruction is possible despite incomplete lineage sorting.
The implementation of this protocol in Mesquite used a script that controlled the simulation of species trees, gene trees within them, and sequence evolution of the gene trees. In Mesquite, a tree window was set up to show a simulated species tree. The script then requested that the Batch Architect package (Maddison and Maddison, 2004b) save one or more sequence matrices obtained by simulating sequence evolution on a series of gene trees (each corresponding to one locus). As it was doing this, Batch Architect was saving PAUP* command files for the subsequent inference of gene trees during the reconstruction step. The script then asked the tree window to simulate the next species tree; the process was repeated 500 times. Other scripts were then run to use the inferred gene trees (in the case of reconstruction by deep coalescences) or the sequence matrices directly (in the case of reconstruction by shallowest divergences) to infer the species trees. Scripting files used in this study are available at http://www.systematicbiology. org.
Simulation of Species Trees
In order to understand reconstructability over a reasonably natural spectrum of topologies and branch length distributions we simulated 500 trees of eight TABLE 1. Average amount of sequence divergence and incomplete lineage sorting observed for shallow (recent divergences) and deep (older divergences) species trees. Calculated for 10 replicates of each case; standard errors are shown in parentheses. Sequence divergences are average raw uncorrected percent pairwise differences, presented to confirm simulations generated divergences typical in empirical studies (values for 9 individuals not calculated, presumed to be bracketed by results from 1, 3, and 27). Incomplete lineage sorting is measured as the minimal number of deep coalescences required (Maddison, 1997 species each, rather than choosing a single species tree and assessing how well it can be reconstructed in many simulation replicates. To examine how the extent of incomplete lineage sorting affects the ability to reconstruct a species history, species trees were simulated to have a total time depth (summed length of branches from any terminal down to the root) of either 100,000 or 1,000,000 generations. With an N e of 100,000, a total time depth of 100,000 (i.e., 1 N e ) generations leads to considerably more incomplete lineage sorting than a total time depth of 1,000,000 (i.e., 10 N e ) generations. Thus, there were a total of 1000 simulated trees: 500 trees at 1 N e total depth and 500 at 10 N e total depth. However, the topologies of the two sets of trees are identical; the latter set of trees is equivalent to the former set with branch lengths multiplied by 10.
Number of Individuals and Loci Used in Simulations
Within each species tree, 1, 3, 9, or 27 gene trees representing unlinked loci were simulated independently with either 1, 3, 9, or 27 gene sequences simulated for each locus per species. Thus, the smallest gene tree simulated had 8 sequences, with one individual sequenced in each of the 8 species; the largest gene tree simulated had 216 sequences, 27 individuals in each of 8 species.
The maximum number of sequences in any replicate was limited to 216, achieved by 27 individuals x 1 locus x8 species, 9 x 3 x 8, 3 x 9 x 8, or 1 x 27 x 8. The triangular matrix of each possible combination of number of loci and individuals sequenced per locus in each species was then used to examine how the accuracy of the phylogenetic reconstruction was affected by (a) increasing the total sampling effort per species (i.e., either 1, 3, 9, or 27 individuals sequenced, or either 1, 3, 9, or 27 loci sequenced) and (b) increasing the number of individuals per locus versus the number of loci per species for a given sampling effort.
Minimize Deep Coalescences Method
The Minimize Deep Coalescences method of reconstructing the species tree is based on searching for species trees that minimize the implied number of deep coalescences in the contained gene trees (Maddison, 1997) . First gene trees were inferred from the simulated sequence data by a simple parsimony search using PAUP* (factory default heuristic search; MAXTREES = 100), which is reasonably efficient for the low levels of sequence divergence analyzed. If multiple most parsimonious trees resulted, their strict consensus was used. Species trees were inferred using Mesquite's tree search facility to find trees minimizing the total number of deep coalescences summed over the loci considered. The number of deep coalescences was counted assuming the reconstructed gene trees were unrooted. Thus, Mesquite counted deep coalescences for each possible rerooting of the gene tree, and used the smallest count from any rooting as the deep coalescence cost of that gene tree within the proposed species tree. The search used an As Is taxon addition sequence, followed by SPR branch swapping, saving only a single tree at any stage (MAXTREES = 1). This method of course is not guaranteed to find the tree minimizing deep coalescences, although the results suggest it may be a reasonable approximation.
Shallowest Divergence Clustering Method
The Shallowest Divergence method is based on Takahata's (1989) observations that the order of interspecific coalescences provides a high probability of consistency with the actual species history. Under the expectation that there is a correspondence between the number of nucleotide differences between sequences and the order of interspecific coalescences, the most similar sequences between species will represent the shallowest coalescence (Takahata and Nei, 1985) . Therefore to infer the species tree, we used a cluster algorithm that first grouped species together that contain gene sequences with the fewest differences (i.e., the two species with the most similar sequences). Because multiple hits are unlikely for times as shallow and rates as low as these, we used as our measure of sequence divergence a simple uncorrected distance. The distance between two clades is similarly defined, and thus the method is equivalent to a single linkage cluster analysis (Sneath and Sokal, 1973:216) . For multiple loci, the distance between two clusters is the average of the distances based on individual loci. Mesquite's Cluster Analysis facility was used for this, ignoring ties (i.e. resulting in only a single tree per cluster analysis).
Accuracy Assessment
The inferred species trees were compared to their respective original trees by calculating accuracy in both an unrooted and a rooted sense. The unrooted measure was the number of partitions of the species in common between the inferred and original trees. A partition represents a branch, which implicitly divides the taxa into two groups (one of which may be paraphyletic). The maximum conceivable number of shared partitions for trees of 8 species, which occurs when the trees are identical, is 5. The rooted measure was the number of clades in common between the inferred and original trees. The maximum conceivable number of shared clades is 6. So that both shared clades and shared partitions can be compared on the same scale, the results are reported as the proportion of clades or partitions shared out of the totals of 6 or 5, respectively.
RESULTS AND DISCUSSION
In our simulations, average sequence divergences and incompleteness of lineage sorting varied as expected depending on the divergence times in the species tree. Percent sequence divergences averaged about 1% and 4% for the total tree depths of 1 N e and 10 N e , respectively (Table 1) . These divergences are similar to those encountered in species-level studies (Arbogast, et al., 2002) , especially those involving Pleistocene divergences (e.g., Knowles, 2000 Knowles, , 2001 Masta and Maddison, 2002; Hewitt, 2004) . Discordance between gene trees and species 26 SYSTEMATIC BIOLOGY VOL. 55 trees ranged from mild to severe, with up to an average of 114 deep coalescences in the worst case (Table  1) . The shallow species trees exhibited about four times the average amount of incomplete lineage sorting compared to the deeper trees for any given number of individuals sequenced per locus (Table 1) . Figure 1 is a representative instance from the case of 9 individuals per species, with a shallow species tree. The gene tree is about 300,000 generations deep, which is within the range expected, because the gene tree cannot coalesce shallower than 100,000 generation, the root of the species tree. Such discordances are expected in typical studies, both between any single gene tree and the species history, and between different loci (Takahata, 1989; Rosenberg, 2003; Knowles and Maddison, 2002) . Given such discordance, our simulated data should well reflect the challenges faced in reconstructing phylogeny near the species level.
Evidence of Phylogenetic Signal
When species are recently diverged as in Figure 1 , many coalescences extend deep below divergence points. Although in such cases we might have expected little chance of correctly inferring the species tree, our results suggest that considerable signal remains in the data. The average accuracy of phylogeny reconstruction across the 500 replicate species trees ranged from about 0.26 to 0.89 unrooted or 0.17 to 0.88 rooted (Table 2) , with accuracies under most conditions between 0.4 and 0.8.
Accuracy was generally very similar regardless of whether measured in an unrooted way (via shared partitions) or a rooted way (via shared clades) for both methods of reconstruction (Table 2; Fig. 3 ), with two notable exceptions. First, although the Shallowest Divergences method performed about as well in recovering either the rooted or unrooted tree, the Deep Coalescence method appeared to have considerable trouble choosing the root of the species tree. Its unrooted accuracy was about the same as that of the shallowest divergences method, but its rooted accuracy was especially poor when only a single individual was sampled per species. This suggests it was obtaining the correct unrooted form of the tree, but was rooting incorrectly. That it had difficulty rooting is perhaps not surprising as no outgroup was given to the reconstruction method. In empirical studies we might not even be tempted to choose a species tree root without an outgroup, and so perhaps the difficulties of deep coalescence should not be held against it. From that viewpoint, however, we can be pleased at the success the shallowest divergences method in determining the root.
Second, the Shallowest Divergences method showed a peculiar decline in accuracy from 9 individuals per species sampled to 27 individuals with a single locus. We have confirmed this result by repeating the simulations. We lack a firm explanation for this pattern, although T. Collins (personal communication) has suggested that the large number of individuals may give more opportunity for some to be seriously misplaced given rate variation among sites and low divergence. TABLE 2. Accuracy of phylogenetic inference over the 500 simulated species trees with a total tree depth of (a) 100,000 (1 N e ) and (b) 1,000,000 (10 N e ) generations for varying numbers of individuals and loci sampled per species. Accuracy is shown as two numbers, "unrooted accuracy/rooted accuracy" for which unrooted accuracy is the average proportion of partitions correct (those in the inferred tree matching the true tree) out of five total partitions and rooted accuracy is the average proportion of clades correct out of six total clades. b Average is based on 390 simulated species trees due to computing error during simulations.
With the above exceptions, results from the two species-tree reconstruction methods and accuracy measures are in close agreement throughout (Table 2) Figure 4 illustrates the distributions of shared partitions among the 500 replicates for different numbers of loci and individuals per species. Figure 5 illustrates average accuracies for both the 1 N e and 10 N e species trees.
Average accuracies of 0.6 or more can be considered reasonably successful, given that the shared partition and shared clade measures are sensitive to minor changes in tree structure. The misplacement of a single species can reduce shared partitions to 0. An average accuracy of 0.6 is approximately equivalent to a single terminal taxon being out of place: moving a single terminal taxon randomly to a different branch of the tree results in an average reduction from 5 to 3 shared partitions (as determined by the "Random Branch Moves" utility of Mesquite operating on Yule process simulated trees).
Species trees were reasonably well recovered even with only a single locus. For instance, with only 9 individuals sequenced per species, even in the difficult case of depth = 1 N ei 3 partitions on average were correctly reconstructed out of a total of 5 (Table 2) . 4. Accuracy of phylogeny reconstruction among 500 replicate species trees with depth 1 N e . Except for the leftmost chart, each chart represents a different sampling intensity. At center is the lowest intensity, one locus and one individual per species. From the center toward the right the charts represent increasing numbers of individuals sampled. From center toward the left, the charts represent increasing numbers of loci sampled. The reconstruction method is Minimize Deep Coalescences; the accuracy measure is shared partitions. The leftmost chart shows for comparison the accuracy of a randomly chosen tree; the randomly chosen trees are generated by the Yule Process and each is compared against a different one of the 500 simulated species trees used in the study. This figure can be directly compared to Figures 3 and 5 , e.g., the chart for 27 loci 1 individual represents the full distribution of results for the 27 Loc 1 Ind point on Figure 5 . FIGURE 5. Tradeoff in species tree accuracy between sampling more loci versus individuals for a fixed sequencing effort. Each line joins points with equal numbers of total sequences, with numbers of loci (Loc) and sampled individuals (Ind) indicated. Accuracy measured as average accuracy between true and inferred tree over the 500 simulated species trees. Trees inferred by Minimize Deep Coalescences; accuracy measured by shared partitions. Note that with trees of depth 1 N e (high levels of incomplete lineage sorting) emphasizing individuals over loci is advantageous with nine or three sequences per species, while with trees of depth 10 N e , emphasizing loci is slightly better in general.
Phylogenetic signal is apparent (although weak) even in the most difficult condition of a species tree depth = 1 N e (i.e., considerable incomplete lineage sorting, Table 1 ) and the least amount of data (1 locus and 1 sequence per species). Under these conditions, the most common outcomes are 0, 1, or 2 shared partitions with the "true" tree (Fig. 4) . Although this may appear low, the distribution is much more favorable than expected by chance. The curve marked "random trees" in Figure 4 shows the distribution for the accuracy measure (shared partitions) in comparing two randomly simulated trees. Most random trees have no shared partitions with a target tree.
Accuracy varied as expected with differing depths of species divergences and amounts of data ( Table 2 ). The lowest accuracy occurred in the most challenging scenario of a recent divergence (i.e., species tree depth = 1 N e ) with the least amount of data (i.e., only 1 locus and 1 individual sequenced per species); the highest accuracy with the least challenging case of a deeper divergence with the largest amount of data (i.e., 10 N e and 27 sequences per species).
Tradeoff of More Loci versus Individuals
To examine more closely the effects of sampling design on phylogenetic accuracy, we compared the average phylogenetic accuracy among different allocations of sampling effort between increasing loci versus increasing number of individuals. The allocation of sampling effort and its impact on the accuracy of the phylogenetic estimates differed between the recent and deeper species divergence (Fig. 5) . With deeper species trees (depth = 10 N e ) shifts between sampling loci as opposed to individuals had little effect for a given sampling effort. Thus, for example, with a total of 9 sequences, similar accuracies are obtained whether they are obtained as 9 loci x 1 individual, 3 loci x 3 individuals, or 1 locus x 9 individuals. All sampling regimes give accurate trees with little effect of sampling strategy. There appears to be a slight advantage to sampling more loci instead of more individuals, but the major factor influencing phylogenetic accuracy is the total sampling effort (Table 2) .
With shallower species trees (depth = 1 N e ), sampling more individuals gives better results than sampling more loci (Fig. 5) for most measurements. Thus, sampling 9 loci x 1 individual gives an average accuracy of about 0.43, whereas sampling 1 locus x 9 individuals gives an accuracy of about 0.59. This result is perhaps not surprising. With shallow species trees, the many gene lineages that independently reach as deep as the species divergence (because of failure to sort lineages) can each provide independent clues to species relationships: each coalescence with a sister species' genes provides extra evidence that the species are sisters. By sampling more individuals per species, there can be more such interspecific coalescence between sister species to provide evidence for their relationship (see also Takahata, 1989) . This advantage appears to outweigh the advantage of extra loci. On the other hand, with deep species trees, adding extra sampled individuals within a species does little good, because the ancestors of most of those gene copies coalesce to a single gene lineage before the species divergence, and thus they do not give independent evidence of species relationships. Extra loci can supply independent evidence of deeper relationships regardless of coalescence within species lineages. (Note that the shape of the curves suggests that N loci x 1 individual may be better than 1 locus x N individuals for N's larger than we examined, Figure 5 ; however, the recommendation of increasing the number of individuals sampled, as opposed to loci, appears to apply in general given a reasonable range of loci based on practical limitations.)
The pattern of greater accuracy by increasing individuals rather than loci for shallow species trees may not be a general pattern, however. The curve of increase of accuracy by adding loci is rising rapidly at 27 loci ( Fig.  5) , whereas the curve for adding individuals appears to be levelling off at 27 individuals. Thus, the accuracy for, say, 54 loci, may be greater than that for 54 individuals.
Implications for Accurate Phylogenetic Inference
Our results lead us to two principal conclusions: that sufficient signal to reconstruct species trees remains even in the face of considerable incomplete lineage sorting, and that optimal sampling strategy (multiple loci versus multiple individuals) depends on recency of divergences. These conclusions were reached with both of our species-tree reconstruction methods, which suggests that they might be expected to hold even with more sophisticated methods that could be imagined, such as likelihood methods that model both nucleotide substitution and lineage sorting as stochastic processes.
A central position of this article is that progress in developing better methods of reconstructing recently diverged species trees will depend on considering explicitly the population genetics processes within species lineages. Although crudely, our reconstruction methods did consider these processes. Can we claim that we achieved better reconstructions than we would have achieved had we used methods that did not consider the process of lineage sorting? The difficulty in making this comparison directly is that it is not clear how one would reconstruct a species tree like that of Figure 1 without considering lineage sorting. The 9 individuals' gene copies within each of the species of Figure 1 do not form monophyletic groups on the gene tree. If one's data were sequences from each of these gene copies, how would one derive a species tree unless one implicitly allowed and accounted for this lack of monophyly? We are not necessarily recommending our particular species tree reconstruction methods, but unless methods like them are developed and become widely used, it would seem that biologists facing a case like Figure 1 will be able to do no more than take a nonquantitative guess at the species tree.
A single locus's genealogical history is subject to many stochastic effects, and hence data from multiple independent loci are important to offer independent information contributing to inference of a species tree. Nonetheless, our results suggest it is not universally the case that increased sequencing effort should be allocated to more loci instead of more individuals. For recent divergences, sequencing more individuals yielded greater improvement than sequencing more loci, at least up to 27 loci or individuals. However, three caveats should be given to any recommendation to sequence more individuals. First, the advantage of sampling individuals over loci may not persist in samples of more than 27 total sequences per species, the largest sampling effort we studied. Second, the actual cost of sequencing is not proportional simply to the total sequence length; it depends also on the relative costs of specimen collection, DNA extraction, and primer design. Third, our simulations assume that all loci are evolving under the same neutral model of evolution. If some loci are under selection or linked to loci that are, then their behavior may not be clearly informative about the species tree. Obtaining several loci will give a better sample of varying models of evolution, and hence may give a clearer picture of the species tree.
Our simulations considered a fairly simple case of a species tree evolving by a simple Yule process. Two more complex cases might be expected to pose greater difficulties for recovering the species tree and should be investigated as new population-aware species tree reconstruction methods are developed. The first involves gene flow among species or populations. Gene flow may seriously degrade the accuracy of some inference methods, even when levels of gene flow are low enough that the species phylogeny can still be considered fundamentally a branching process. We would expect, for example, that the shallowest divergence method would be particularly sensitive to misinterpreting a recently introgressed gene copy as solid evidence for species relationship. The second difficult case is that of an old but rapid set of divergences, in which a rapid burst of speciation long in the past yielded many short branches deep in the species tree. To recover these ancient but short branches we cannot rely on sequencing many individuals, because their gene copies will have coalesced to a single ancestral copy well before reaching those short branches. Thus, adding more loci will be the only route to increasing resolution. Even that will have limited success, however, given that genes with a high mutation rate would be needed to resolve these short branches, but those very markers would suffer from saturation when species divergence is old.
A worthwhile goal of future studies could be to explore thoroughly the parameter space. One factor likely to affect the results strongly is the overall mutation rate, here represented as the scaling factor. Perhaps the most common problem encountered in empirical studies at this level would be insufficient variation (e.g., mutation rates too low) degrading accuracy. As more sophisticated 30 SYSTEMATIC BIOLOGY VOL. 55 methods are developed to reconstruct species trees by considering incomplete lineage sorting, it would be valuable to assess their accuracy when variation is low. Incomplete lineage sorting poses a daunting challenge to our efforts to reconstruct the phylogenetic relationships of recently derived species. Yet, even in cases with widespread incomplete lineage sorting, a significant historical signal persists. By taking into account the genetic process generating incomplete lineage sorting, phylogenies can be accurately inferred from gene trees. Our hope is that phylogenetic methodologists take up the challenge to develop reconstruction techniques that consider both nucleotide substitution and the processes of population genetics.
